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AN EXPERIMENTAL INVESTIGATION OF HINGELESS
HELICOPTER ROTOR-BODY STABILITY IN HOVER
William G. Bousman

Ames Research Center
and
Aeromechanics Laboratory
AVRADCOM Research and Technology Laboratories

SUMMARY

Model tests of a 1.62-m diameter rotor were performed to investigate
the aeromechanical stability of coupled rotor-body systems in hover. Experi-~
mental measurements were made of modal frequencies and damping over a wide
range of rotor speeds. Good data were obtained for the frequencies of the
rotor lead-lag regressing, body pitch and body roll mode, and the damping of
the lead-lag regressing mode. The quality of the damping measurements of the
body modes was poor due to nonlinear damping in the gimbal ball bearings.
Simulated vacuum testing was performed using substitute blades of tantalum
that reduced the effective Lock number to 0.2% of the model scale value while
keeping the blade inertia constant. The experimental data were compared with
theoretical predictions, and the correlation was in general very good.

INTRODUCTION

The body degrees of freedom of a helicopter exert a profound influence
on the stability of the coupled rotor-body system for configurations whose
lead-lag frequency is less than the rotor speed (soft inplane). For
articulated rotors the coupling of the rotor and body inertially can result
in a strong instability termed ground resonance. This purely mechanical
instability is now well understood (ref. 1); however, in the case of hinge~
less rotors substantial aerodynamic and structural couplings may arise and
the problem of aeromechanical stability is considerably more complex (ref. 2).

A number of detailed theoretical models have been developed to investi-
gate the aeromechanical stability of soft inplane hingeless rotors (refs.
3-5), with the specific purpose of providing the analytical tools to support
the design of a soft inplane hingeless rotor helicopter. 1In the case of
Boeing Vertol a number of experiments have been performed in addition with
small-scale helicopter models to verify their design concepts, and in the
process validate their theoretical model (refs. 6,7). More recently,
Ormiston has described a simplified theoretical model of a coupled rotor-body
system (ref. 2); this model is particularly useful as a tool for obtaining a
fundamental understanding of the factors that affect the aeromechanical
stability of hingeless rotor helicopters. The present experiment has been
designed to use a simpiified experimental model to investigate the
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aeromechanical stability of coupled rotor-body system in a manner analogous
to that of reference 2, and in the process to develop a body of experimental
data that is suitable for the validation of analytical models of coupled
rotor-body stability. The development and examination of appropriate test
techu.ques for coupled rotor-body testing are an integral part of the experi-
ment design as well.

The testing of model rotors or helicopters can be broken down into the
categories of: (1) exploratory testing of new concepts; (2) development
testing of a new design; and (3) research model testing (ref. 8). The
present experiment is in the last category, and it is important to dis-
tinguish that the experiment has been designed to match the theoretical model
as closely as possible rather than any particular helicopter. The reason for
this effort is to insure that in the validation process of a theoretical
model, that any difference between the theoretical prediction and the ex-
perimental data reveal the limitations of the theoretical model, and not the
experimental modeling process.

The design of the experiment is discussed first; the model used is then
described, including the excitation system and instrumentation. The
techniques used to excite the various rotor-body modes and the methods of
obtaining damping and frequency are discussed. The experimental results are
shown and compared with theoretical predictions of the analysis described in
reference 9. Conclusions are offered with respect to the results of the
experiment, and the worth of the experimental design.

SYMBOLS
A flexure cross-sectional area, cm?
a 1ift curve slope
b number of blades
c blade cord, cm
cdo profile drag coefficient
D bearing damping, N-cm
E Young's modulus, N/em?
e hinge offset, cm
fB friction force in ball bearings, N
G shear modulus, N/cm2
g gravitational acceleration, cm/sec?
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distance from Plane formed by fimbal axes to rotor plane
blade tnertia, g-m?

flexure chordwise arca moment of inertia, cm“

flexure flapwise arca moment of inertia, cm"

blade pitching moment of inertia, g-m’

body inertia about pitch axis, g-m?

body inertia about roll axis, g-m2

flexure polar area moment of inertia, cm"
rotor polar moment of inertia, gem2

body stiffness, N-cm/rad

vertical body spring, N/cm

blade length from flexure tip, cm

flexure length, cm

longitudinal spacing of vertical body springs, em
lateral spacing of vertical body springs, cm

body mass, g

blade mass, g

rotor mass, g

number of balls in ball bearing

rotating flap frequency, Hz

blade radius, cm

radius to application of bearing damping force, cm

blade spanwisc mass centroid referenced to flexure tip
made dimensionless by blade length L

blade chordwisc mass centroid referenced to quarter chord
made dimensionless by blade chord ¢

blade spanwise mass centroid referenced to centerline, cm

blade root cutout, cm
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.?, Yd Lock number including effect of profile drag coefficient

Lecos rotor lead-lag cyclic coordinate, deg c
Clocal local damping coefficient "E
Lgin rotor lead-lag cyclic coordinate, deg. ;
ng blade dsmping, percent critical :
Nex body roll damping, percent critical ?
Ny body pitch damping, percent critical i
] body pitch angle, rad ;
eb blade pitch angle, deg é
8y peak magnitude of body pitch angle, deg ;.;
) density of air, g/cm3 | |
Pq density of uniform blade, g/cm3 ; :
v rotor solidity '%
o modal damping exponent, sec”! g
Q rotor speed, rpm i

Qo nominal rotor speed, sec™! ; ?{

w modal frequency, Hz i:

wg flapping mode frequency, Hz ‘ ;\

we lead-lag mode frequency, Hz |
wy body pitch mode frequency, Hz ;E
W body roll rwode frequency, Hz
Subscript:

«C )y nonrotating conditions {except as noted for 25) E
:
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o
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EXPERIMENT DESCRIPTION

Expor Imental Design

The primary objective of the present experiment {s to provide a body of
exper imental data that can be used to validate theoretical models for the
prediction of coupled rotor-body aeromechanical stabllity. To obtain this
goal the experimental design requires that: (1) the basis for compar 1 son
between theory and experiment must provide a rigorous test of the theoretical
model; (2) the data obtained must be extensive enough to provide a varted
test of the theoretical model; and (3) the experimental model must sfmulate
the theoretical model as closely as possible,

The basis of comparison used for the present exper iment is the
frequency and damping of the flap and lead-lag regressing modes, and the
bedy pitch and roll modes. These are examined uver a range of rotor speeds
that provide nondimensional lecad-lag frequencies from stiff inplane to soft
inplane. Additional variation is provided by changes in blade collective
pitch angle, body stiffness, ard Lock number.

The model design is based on the simplified theoretical model used in
reference 2. Specifically, the blades have been designed to be very stiff,
with most of the flexibility concentrated in root flexures. This provides
an experimental approximation of the centrally-hinged, rigid blade with
spring restraint that is used in the theoretical model. As the blade
torsional degree of freedom is not included in the theoretical model, the
blade and root section of the experimental model are designed to be
torsionally very stiff. The model is mounted on a gimbal frame and bearings
and in this way simulates purely pitch and roll body motions.

Simulated Vacuum Testing

1t is highly desirible in the theoretical validation process to obtain
experimental data with aerodynamic effects eliminated, but inertial and
structural terms u ~hanged. This is especially useful in the case of
hingeless rotor aci. ~:chanical stability where the effects of acrodynamics
significantly alter the behavior of coupled rotor-body instabilities of the
ground resonance type. Testing in a vacuum chamber can be both difficult
and expensive. However, the effects of testing in a vacuum may be simulated
by reducing the Lock number of the rotor. Defining Lock number in the form:

Y Cq

1 a

where the conventional definition has been moditfed to include the effect of
the blade proflle drag coefficient, cq + In vacuum testing the Lock numbor
Q

> -

. ki Su




! . . . !
I =
), -
:
1 :
o ;
A,
- is zero becausc the density of aflr is zerog however, there are other wiays in , i
i which Lock number may be reduced. The particular strategy used in this 4
' experiment was to make a blade of clrcular cross section and In this way t

reduce the lift curve slope to zero,  This would net be a satisfactory
solution {f blade flexibtlity were fmportant to the problem, but !a the

: P
v present case it is not., If a uniform eylindrical rod is assumed, then the ) l :
- expression for Lock number becomes

!
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where g I8 the density of the blade material,  To further reduce Lock D
number {t is clear that the radius must be reduced, or blade chord or density ! ]
increased.  The problem {s constrained by the need to maintain the same i .
blade inertia, that is ! 1
Sy
- Spd oo 121 l :
PgerRT = o : 1!
. i :
) However, the rotor mass will not stay constant but {ucrease as .
v
1 o
™ % RE P
. C
as blade radius is reduced. The best chofce then is to build the rod of as N
dense a material as is feasible, and select a radius that does not cause an o
excessive increase in rotor mass and body fnertia, or effective hinge oftfset, C .
Tantalum ts the best design cholice, being denser than lead and with strength N
characteristics of steel. A radius of about 3

8 cm was selected for the P
present cxperiment; the normal blade radius ts 81 cm.  The resulting value !

- g - t H
of Lock number is approximately 0.2% of the acrodynamic blade value. L

Model Descript ton

Toe model used in this experiment is a throe=bl L
rotor mounted to a body that is supported by a pimbal frame and stand that ! !
allow pitch and roil freedom. A two-view drawing that fllustrates the major
features of the model and stand is shown in figure 1, A photograph of the

model as tested 18 shown in figure 2. The rotor and hub are mounted on a

i
static mast that bolts directly to the transmission housing, The rvotor is ? 1
driven by two 4.5-kW clectric motors through a 7.5:1 reduct fon transmission ﬁ !
and a drive shaft internal to the static mast,  The mode!l is supportoed at - ;
either end by balt bearings that cucircle the motor housing and provide the ?
body roll freedom. The roll ball beariogs are mounted in the pimbal frame

aded, 1.62-m diamoter

which in turn is supported by a set of piteh ball bearings that mount to the ‘\
rigid stand. Additional stiffening I8 provided the stand with tie=down L E l
. ‘“b I O8., i :
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i
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The body troquencies are determined hy cant tlever boam sprinpgs, two
springs for piteh and one apring for roll, Tthe froquency can be ad justed by
a slider on the cantilover hoam spring that shortens the working length of
the beam,  Roll or pltehing motion of the simbal may also be locked out with
4 set of locking serows,

A snubbing mechanism is located {n the stand directly below the model,
and {8 capable of locking out body motion, The saubber may be actuated
either by an clectric motor or by releasing a compressed spring internal to
the mechanism, 1In the latter case the model I8 snubbed or locked out {n
approximately a 0.1 sec. Under normal conditfons the model is snubbed by
the operator upon observing unstable motions, However, a control circuit
is included that automatically releases the compressed spring and snubs the
model if the lead=-lag bending moment signal from the blade exceeds a preset
value,

To simulate the rigid blade with spring restraint used in the theory,
the rotor blades were designed to be as rigid as possible, and flexibility
wis concentrated in flexures at the blade rvot., A drawing of the root
flexures in an exploded view is shown in figure 3 and a photograph in
figure 4. From these figures 1t can be seen that the flap and lead=lag
flexibility are concentrated in separate flexures. They are connected so
that their centerlines are cofncident. There s no blade pitch bearing, so
all blade pitch angle changes are made manually by rotating the blade
within its socket. The design of the root flexures 1s such that the
torsional stiffness is quite high. The blade is a composite design using
Kevlar, fiberglass, and balsa wood in fts construction, as shown in figure 5.
The spar is made up of unidirectional pPlies of Kevlar with a final 45° bias
crossply to add torsional stiffness. The Kevlar spar and balsa wood aft
section are enclosed in a fiberglass skin and mated with a titanium root
section to make the final blade.

Although most of the flexibility is conceutrated tn the root flexurces,
the flexibility of the blade does influence the flap and lead-lay, fre-
quencies.  This effect can be estimited by looking at the change in non-
rotating blade frequencies as blade pitch angle {s changed.  This was done in
reference 10 for the present blade and flexures, and the R parameter of
Ormiston and Hodges (ret. 11), which relates the amount of flexibility
outboard of the blade pitch bearing to the total blade flexibility, was
estimated as 0.13.

The model with the stub blades made of tantalum installed is shown in
figure 6. The tantalum rods are pinned into a steel &rip which {s bolted on
to the outer section of the flap flexure. Flapping stops are included in
this configuration to keep the heavier tontalum stub blades from causing
oxcessive stress in the flap flexures when the rotor is stopped.

The model properties needed for correlation with the experimental data
have elthor been measured on the model under nonrotating conditions or cal-
culated from model design data.  These propertics and thelr determination are
discussed {n appendix A,
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Model Excitation

ST An electromagnetic shaker was used to excite the rotor and body modes by R
Co eacillating or deflecting the model about 1ta roll axis. The shaker was
, capable of model excitation down to zero frequency, and this was eapeeinlly :
useful near resonance of the lead-lag mode with rotor speed, Figure 7 shows <!
the shaker connection to the model. A pair of beams, bolted to the underside
of the modecl tranemission, extend outward and up to a cross plece that is ,
held by a small, pPneumatically-actuated clamp. The pneumatic clamp provides :
a means of holding on tuv the cross plece during model excitution, and by f
e ) opening the clamp at the same time the excitation Is stopped the model |
o motions can decay without restraint from the shaker and its linkages. The :
pneumatic clamp is mounted on a linkage that passes down through supports l
SR used for alignment to a bell crank that is connected in turn to the shaker. ;
- Preload springs are included in the linkage to center the pneumatic clamp Ny
with the cross piece. A pair of opposed air cylinders are used as a |
secondary means of locking out model motion.

e m . m

P

;wj Model Instrumentation

Each blade root flexure was instrumented with a full strain gage bridge
to measure lead-lag bending moment (on the lead-lag flexure), and flap and
torsion bending moment {on the flap flexure). The signals were routed

‘jij through the drive shaft to a 60-channel slip ring mounted in the base of the
] model,

Body motions were measured in two ways: first, wich accelerometers K
mcunted on the static mast Just below the hub, and second, with resistive ’
k film potentiometers mounted at the pitch and roll bearing locations. {«
=N Measurements of rotor speed were made with an inductive pickup from a -3
- 60-tooth gear, and an optical v.ckup providing a one~per-rev spike. b

Instrumentation cables from the slip ring and from body measurements
were combined with transmission oil lines, water cooling lines, motor power,
and thermocouple wires and routed through brackets at the pitch and roll

pivot points to minimize the effect of cable motion on body damping (see
fig. 6).

AEROMECHANICAL STABILITY TESTING

Parameter Variation

For each test configuration, changes in rotor speed provide the means
of varying the rotor characteristics over a wide range. This 1is illustrated
in figure 8 where the uncoupled rotor progressing and regressing mode
frequencies are plotted in the fixed system as a function of rotor speed. i
(The rotating system flap and lead-lag frequencies are shown for clarity.) f

t
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is wr = Q 1in the rotating syatem (or Q-wy = 0 in the fixed system),

Lower rotor apeeds are representative of atc{ff Inplane configurations,

wyy while higher rotor speeda are repreacntative of soft inplane configu-
rations, wr<fls  Aeromechanical instanilities of vhe ground or air resonance
type may occur in this latter region If a body mode frequency is proximate
to the lead-lag regressing mode frequency. To investigate these In-

stabilities the body frequencics for this experlment were selected in the
range 0 - 5 Hz.

A test configuration was defined by (1) whether the tantalum stub
blades or aerodynamic bLlades were used; (2) if both pitch and roll frecdom
were allowed or only roll; (3) the selected body stiffnesses; and (4) in the
case of the aerodynamic blades, the blade pitch angle. The configurations
tested in this experiment are listed in table 1.

TABLE 1. - EXPERIMENTAL CONFIGURATIONS TESTED

Blades Pitch Roll Pitch
frequency, Hz frequency, Hz angle, deg
Tantalum 27.4 0.75 -
(Locked out)
1.89
2.60
4.11
r 2.58 2,55 :
Aerodynamic 27.4 2.79 0.0
(Locked out)
2.62 2.73 0.0
2,62 2,73 8.9

For those conditions where the pitch degree of freedom was locked out by
restraining the gimbal frame, the first cantilever pitch-mude frequency of

the body was sbout 27 Hz which places it well away from the regressing mode
frequencies (fig. 8).

Morial Measurements
A rigorous test of a theoretical model requires that exper imental

measurements be made of those modes that have a significant effect on coupled
rotor-body aeromechanical stability. 1In the present experiment most of the
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effort was directed toward obtalning eatimates of the frequency and damp inp
of the rator regressting modes and the hody plteh and roll mades,

The rotor lead-lag regressing mode s generally the least atable mode
of a coupled rotor-hody aystem, and Lt In therefore denirable toe abrorve
this mode directly In the nonrotating svetem, To do this, the tndividaal
flexure lead-lag bending slpnals were eransformed o f ixed system eo-
ordinates uslng the multiblade transform of reterence 10, This transform
provides the multiblade cyclie coordinates, fatn dmd Seng  whieh repre-
aent the roter center of gravity position due to blade lead=tay, mot lon.,
Both progressaing and regressing modes appear In cach eyvelie coordinate, but
because of their large difference in frequency they are cadlly separated by
flltering. '"he ability to dircctly observe the regressing or progreassing
mode greatly .dmplified the operation of the experiment. Estimates of the
moda! frequency and damping were obtained by exciting the lead-lag
regressing mode with the shaker. The exclitation was then cut of f, the
model released, and frequency and damping were estimated from the transient
decay. Frequency measurements were made on line with a spectrum analvzer,
the resolution of the measurements being 0.08 Hz. The transiont decay was
also recorded on oscillograph and FM analog tape, and the multiblade cyelie
coocdinate was pasced through a tracking filter that included a log magni-
tude output for analysis of both frequency and damping (ref. 13).

The flap regressing mode of the rotor is normally heavily damped due to
blade acrodynamic damping, and it is therefore difficult to excite the mode
or measure its frequency and damping. However, for test conf igurations
using the tantalum stub blades there is negligible blade aerodynamic damping
and the mode is readily excited. The flap regressing mode shows strong
participation in both the flap cyclic coordinates and the body coordinates.
The body modes also show substantial participation in both the flap cyelic
and body coordinates. Modal measurements of both the flap regressing mode
and body modes were therefore made in the body coordinates and separated
with a tracking filter. Both flap regressing and the body roll modes were
excited directly by deflecting the model in roll and releasing it. The body
pitch mode was excited indirectly through gyroscopic coupling. As in the
case with the lead-lag regressing mode, frequency estimates were made on
line with a spectrum analyzer, and a tracking filter was used later for
estimating frequency and damping from analog tape records. In general, the
nonlinear damping characteristics of the gimbal bearings prevented satis-
factory estimates of body or flap regressing mode damping.

TEST RESULTS

Correlation Madel

The experiment was designed to match the theoretical model described
in reference 2. However, the centrally-hinged blade model of reference 2
wag approximated in che experimental model with an offset hinge, As a
result, there is a significant frequency shift between theory and experiment
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due to hiage offset. This in especinlly noticeable in the tantalam stub
blade cane wheore the nond Imenslonal hinge of fser in quite large due to the
small blade radiua. The analytical model deserihed fn reference 49, hawever,
in well snited for correlatlon with the piresent experimental data sinee the
torntonally otiff, root {lexure cont tpuration of the experfmental model 1a a
apec tal cane of a hearinglesn rotor,

The theoretical model of reference 9 assumes three or more righd blades
are attached to reot flexures, cach of which has three avoular and threo
Hnear degrees of frecdom.  The blades may be constrafned at thel: root by
varlous piteh link geometrics or, as in the present case, with no con-
straint. The body 18 assumed to be rigid with lateral, longitudinal, pliteh
and roll deg.2es of freedom,  For alr resonance stabllity the body motfons
are unconstrained, while for ground resonunce stability the bodv is assumed
to be mounted on springs, and the approprlate body frequencies are de-
termined by the spring stiffness and thedr of fset from the body reference
center. For correlatfon with the experimental data the body translational
degrees of f{reedom are suppressed and the body stiffness is determined by
vertical springs and their discance from the mass center.  Parameter v clues
{or the theoretical model (ref. 9) are i{dentificed in appendix B.

Tantalum Blades with Roll Freedom

Regressing modes. - Frequency and damping meacc.. 1. . wore made with
the tantalum stub blade configuration and the gimba?! pivch degree of freedom
locked out. Four different roll spring stiffnesses were used to provide a
variation in body roll frequency. (Roll spring stiffness was determined by
the position of the slider on the cantilever beam sp-ing except for the
lowest stiffness case, wgo = 0.75 Hz, where the cantilever beam spring was
removed and very sc.t coil springs were substituted.) Measurements were
made for rotor speeds from 250 to 1000 rpm, which provided nondimensional
rotor lead-lag frequencies ranging from 1.7/rev to 0.7/rev. The data for
these four conditions are shown in figures 9 to 12, and compared with the
theoretical predictions.

Modal frequency data were obtained for the lead-lag and flap regressing
modes, and the body roll mode. The modes were identified from the ex-
perimental data by the physical coordinates they appeared in and by the
method of excitation used. Thus, the lead-lag regressing mode is always
identified by circles, the flap regressing by triangles, and so forth. The
modes predicted by the theory, however, sometimes change character as rotor
speed is varied. 1In figure 9(a), for instance, the lowest f requency mode
storts out as the body roll mode under nonrotating conditions, and as rotor
gpeed is Incveased it becomes predominantly a flap regressing mode. A8
rotor speed is further increased, this mode couples with the lead-lag
regressing mode and a modal crossover occurs where the flap regressing mode
becomes predominantly lead-lag regressing, and the lead-lag regressing mode
becomes predominantly flap regressing. In other cases two modes may cross
without a change in character, as in figurc 9(a) where the lead-lag
regressing and body roll modes cross at 280 rpm. The predominant phiysical

11

e I oot s,




wh

B T,

Vi el i

IR O PSS S

character of the theorctically predicted modes 1s indicated in these figures
by letters: f for lead-lag regressing, R for flap regressing, and so
forth. At rotor spceds above the resonance of blade lead-lag motion and
one-per-rev, that 18 where w, = 2 or Q-w; = 0, the theoretical model
predicts that the lead-lag and flap regressing modes coalesce over a very
narrow range in rotor speed. This coalescence is shown in an inset at 5
times scale on the modal frequency plots. The frequency coalescence is
associated with a weak instability that was discussed in reference 2.

Estimates of the lead-lag regressing mode damping are also shown in
figures 9 to 12, Attempts to measure the flap regressing and body roll mode
damping were made, but these modes showed strong nonlincar damping behavior
characteristic of the nonlinear damping of the gimbal ball bearings (see
appendix A) and the attempts were abandoned. Theoretical predictions of
both flap and lead-lag regressing mode damping are presented in these
figures, as these modes are strongly coupled, and as rotor speed varies
these two modes switch character. Where the modal damping is predominantly
lead~lag or flap this is indicated on the figures with the symbols ¢ or R,
respectively. Because of the nonlinear character of the gimbal bearing
damping, the selection of a damping value for the theoretical model is some-
what arbitrary. The effect of different levels of bearing damping was in-
vestigated by both halving and doubling the nominal value of 3%. This
effect is shown for the lead-lag regressing mode by the shaded area. As can
be seen the lead-lag regressing mode is sensitive to the amount of gimbal
damping only at the modal crossovers or crossings, and at low rotor speeds.
The weak instability associated with the lead-lag and flap regressing mode
coalescence is shown in these curves, and unstable conditions were actually
encountered for two of these configurations.

The lead-lag regressing mode frequency behavior is unchanged as body
roll stiffness is varied. However, the body roll mode and flap regressing
mode frequencies are shifted upwards in frequency as roll stiffness is
increased. The upward shift in the flap regressing mode results in changing
the rotor speed at which coalescence with the lead-lag regressing mode
occurs. The body roll mode shows a strong dependence on rotor speed and
even for the configuration with the softest roll spring the roll and lead-
lag regressing modes are well separated in frequency; consequently no
mechanical instability of the ground resonance type occurs. The lead-lag
regressing mode damping is relatively unchanged as body roll stiffness is
increased, except for the shift in the locatiion of the weak instability due
to the flap and lead-lag mode coalescence.

The agreement between the theore“ical predictions and experimental data
for modal frequency is excecllent. Even when the scale is expanded as in the
case of the lead-lag and flap regressing mode coalescence the correlation is
still very good. The lead-lag regressing mode data show the best agrecment,
whereas the greatest difference between theory and experiment is for the
body roll mode, particularly the configuration with wy. = 4.11 Hz. The
agreement between the theory and experiment is not as good for the lead-lag
r1egressing mode damping. The lead-lag regressing mode data show con-
siderable scatter and in general the theory overpredicts the level of
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damping. The weak instability that occurs at the lead-lag and {lap re-
gressing mode coalescence 18 evident in the damping data of figures 9 to 11,
but the d*fference in rotor speed between theory and experiment for the one
unstable point {n figure 10(b) 18 {nexplicable. It 1is interesting to note
that some of the larger differences between theory and experiment occur in
regions where the predicted lead-lag regressing mode damping is most sensitive
to body damping. In particular, it appears that for body frequencles of 0.75
and 1.89 Hz, a higher damping level would improve the correlation,

In a fow test conditfons the damping showed significant nonlinecar
behavior. 1In these cases the damping was initially larre and as the ampli-
tude of the motions decreased the damping also decreasca. In this sense the
damping appeared directly proportional to amplitude. For the purposes of
this discussion this characteristic will be referred to as a positive non-
linearity. (The damping in the gimbal bearings, however, is inversely
proportional to amplitude and is termed a negative nonlincarity; see appendix
A.) These cases are shown in the figures as data points located at the
initial damping level with an arrow extending to the {inal damping level.
This notation is somewhat crude, and is included only to provide an indica-
tion of where obvious nonlincar damping behavior was observed and of {its
extent. Although the data for these conditions appeared nonlinear there are
alternative explanations for this behavior. One possibility is that data
taken in the vicinity of steep gradients of damping with rotor speed showed
apparent nonlincar behavior which in fact was due to slight variations in
rotor speed. An additional possibility is that both the flap and lead-lag
rogrs asing modes were excited for these conditions and their combined decay
pave the appearance of nonlinear behavior.

Lead-lag progressing mode. - For one roll stiffness condition
(wpo = 1.89 Hz), the model was excited at its lead-lag progressing frequency
and eostimates were made of the lead-lag progressing mode frequency and
damping. These are shown in figure 13 which is the same as figure 10
except for the extended scales. The frequency shows good agreement with the
theoret fcal predictions up to about 500 rpm, after which the theory signifi-
cantly overpredicts the experimental values. The theoreotical predictions,
however, assume that the pitch depree of frecdom is absent, and it is
reasonable to expect that the lead-lag and flap progressing modes might very
well be affected by the actual piteh stand frequency which is approximately
27 Hz. 1f the pitch degree of freedom ts added to the theoretical pre-
dictions, as shown by the dashed lines in these figures, it can be seen that
the frequency data and theory now agree, although the apreement is not as
good as for the other modes previously discussed.

The damping estimates shown fn figure 13(b) show an initial dip at about
400 rpm and then a rapid increase in damping level with rotor speed. This
dip, which is due to the modal crossover with the flap progressing mode, (s
ovidenced In the theoretical prediction; but the subsequent rapid increasc in
damping is not predicted, If the piteh degree of freedom is included,
however, the theoretical model shows much better agreement with the experi-
mental damping, although it appears that the damping estimate of the
stand-pitch mode i8 probably too high,
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Tantalum Blades with Pitch and Roll Freedom

The tantalum stub blade configuration was tested with the piteh and roll
springs set to give approximately the same nonrotating body frequencies. The
experimental estimates of frequency and damping are shown 1in figure 14. The
general character of the frequency data is8 much the same as for the roll
freedom alone .case, except that the body pitch mode is lower in frequency
than the body roll mode. The body pitch and lead-lag regressing modes
coalesce at about 860 rpm and mechanical instability results. As shown in
figure 14(b) the lead-lag regressing mode rapidly becomes unstable, and it
was necessary to use the automatic snubbing capability of the model for these
data points. Interestingly enough there is no appearance of a weak in-
stability at the crossing of the lead-lag and flap regressing modes as in the
roll alone case. The agreement of the theory with the experimental frequency
measurements for this case is very good. However, the theory predicts that
the body pitch and lead-lag regressing modes approach and coalesce well into
the unstable region, while the experimental data indicate that this approach

occurs at a lower rotor speed.

The lead-lag regressing mode damping data shown in figure 14(b) maintain
a relatively uniform level until the unstable region is approached, and then
the damping rapidly decreases. The scatter in the data is somewhat improved
over the roll alone tests, but this improvement is exaggerated by the ordinate
scale contraction. As the instability is approached, the damping in the
lead-lag regressing mode is sensitive to the amount of excitation. In the
unstable region some of the data points show a negative nonlinearity. The
correlation between theory and experiment is very good, particularly the
predicted stability boundary. Changes in the amount of gimbal damping have
only a slight effect upon modal damping.

Aerodynamic Blades with Roll Freedom

The model was tested with conventional blades of aerodynamic cross-
section with the pitch gimbal locked out. Only one roll spring stiffness and
one blade pitch angle were tested. The frequency and damping for this
configuration are shown in figure 15. The character of the modal frequencies
is considerably changed from the tantalum stub blade casc. The lead-lag
regressing mode changes frequency morce quickly with rotor speed duc to the
decrease in the effective hinge offset. The resonance with one-per-rev has
now decreased to 440 rpm. The flap regressing mode {8 no longer observable
with the excitation method used in this experiment, and the theory predicts
that its modal frequency goes to zero and it becomes critically damped at 795
rpm. The body roll mode appears independent of rotor speed, and the coupled
rotor-body system becomes unstable where this mode is proximate to the lead-
lag regressing mode. The modal frequency data show good agreement with the
theory with some minor differences. The theory underest imates the body roll
mode frequency over most of the rotor speed range, particularly in the
unstable region. However, within the unstable region, frequency estimates
of the stable body mode arc particularly difficult in the presence of the
unstable lead-lag regressing mode; therefore, discrepancies in this region

14
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b are not surprising. The lcad-lag rogressing mode shows good apreement
between exper iment and theory. As rotor speed {8 increased the lead=-lag
regreasing mode prediction underestimates the cxperimental data. 1t is

R

- sugpested that this is due to flexibility in the model blades that is not

: } . accounted for in theory.

o The experimental estimates of the lcad-lag regressing mode damping in

L figure 15(b) show that the damping level remains relatively constant until
the onset of the instability. The mode is then unstable over a range of

about 85 rpm and then becomes stable again. The damping does not return to !
its previous level beyond the region of instauility. The experimental data !
show nonlinearities in damping and sensitivity to excitation ievel at the l

boundar les of the unstable region. At the lower boundary, the damping shows
a negative nonlinear character, while the damping shows positive nonlinear
behavior at the upper bound. The correlation of theory and experiment is
good, the theory showing the proper damping level below the unstable region
and the lower stability boundary. At higher rotor speeds, the theory under-
¢ estimates the amount of unstable damping, and does not correctly predict the
B upper stability boundary. The theory also overpredicts the recovery in

damping level. A possible reason for this discrepancy is that the :
theoretical model assumes a symmetrical airfoil at zero pitch angle, while :
the mode!l employed a cambered airfoil with c¢ = 0.15 at zero pitch angle.
The resulting differences in inflow may explain some of this difference.
Although the lead-lag regressing mode damping is sensitive to the amount of

P R N

Lo tile

NG body damping in the unstable region and beyond, it does not appear that this é
i provides a suitable explanation of the differences between theory and oxperi- -8
. 4q¥'= mont .
3 i
/i

Aerodynamic Blades with Pitch and Roll Freedom iw

Low thrust, 0 = 0°. - The model was tested with both pitch and roll 5: ;

freedom using the aerodynamic blades. The spring stiffnesses used for the
pitch and roll degrees of freedom werce identical to the conf igurat ion tested
- with the tantalum stub blades; however, because the rotor mass was reduced

> with the aerodynamic blades the body frequencies fnereased correspondingly.
The experimental frequency and damping cstimates for this configuratior are
shown in figure 16. The character of the modal frequencies is iittle
changed from the acrodynamic blade configuration with roll freedom alone, Py
except for the addition of the pitch mode. This mode is somewhat lower in :
frequency than the body roll mode, and shows the same invariance with rotor :
speed.  The region of acromechanical inst: bility is oxtonded to lower rotor
specds due to the coupling of the body pitch mode with the lead-lag re- \
gressing mode.  The unstable region extends to higher rotor speeds as well. ;
The agreement between experiment and theory is quite good, with a slight
underprediction of the frequency of both body modes. The prediction of the

. body mode frequencies §s not as satisfactory at low rotor speeds,  As in the
roll alone configuration, the theoret teal model underpredicts the experi-
montal value of the lead-lag regressing mode frequency at high rotor speeds. kf
. As discussed previously the experimental estimates of body made frequencies \;
{n the unstable region are unreliable. i
1
15 ;
i
{




The damping of the lead-lag ropreasing mode i quite nimilar to the case
of roll alono, The damping maintains a relat fvely oven level ant il the
roplon of instability {ia reached and then shows an {ncomplete recovery to fts
former lovel beyond the unatable region.  As in the roll=alone case, same ol
the damping values show a negat tve nontincar chavacter for the lower rotor
spoeds in the unstable regton, while positive nonl tncarit fos are seen ot
higher rotor specds, The correlation of the experimental values ad the
theory is good part teutarly at lower rotor speeds and in the prediction o
the lower stability boundary. As in the roll-alone case the theory wwder-
predicts the unstable damping within the region of the fastability.

figh thrust, o = 8,99 - The model was tested for one condition with the
rotor producing subatant tal thrust, atthough over a roeducaed range of rotor
spood. Exper imental ostimates of the frequency and damping ave shown in
figure 17. The modal frequencies show much the same chartacter as tor the
low-thrust case with a slight {ncrease fn the body roll made treguency being
the only signiticant ditterence. The correlat fon of expoeriment and theory
is good.

The lead=tag repressing made damping {8 shown in tipure 17U, These
data show major chanpes over the low-thrust case.  Below the unstable reption,
the mode shows a signiticant incerease tn damping level instead of keeping a
constant level as in the low-thrust case.  The change in damp ing at the lower
stability bound is very rapid and substant fal unstable damping values ave
obtatned in the unstable rvepion. A rotor speed {s fncreased, the damping
{nereases at a faster rvate than tn the low=thrust condition, As fu the other
acradvnamic blade conf tpurat tons, nepat ive aont fnear damping oceurs near the
lower stability boundary, and positive nonlincar damping at the apper
boundary. The correlation is quite poad, the theory showing all the major
features of the data.  The lower atability boundary and both Fhe positive and
negat fve extent ot the damping are well reprosented.  The theory, however,
underest imates the amonnt of damping that was measured at the higher rotor
speeds, a trend that ta opposite to what was seen in the low-thrust case,
Compared to the low-thrust case the offect of piteh anple s to fnerease both
the size of the unstable repion and the amount of unstable dampiang. This
aprees with the peneral trends fdent if ted in refevence 2.

CONCLUS TGRS

The tollowing conclustons are offerad:

1. Madal tregquency data of excollont quality wore obtained tor t he
rotor lead=lag reprossing mode, and the body piteh and rotl modes,  In
the case of simulated vacuum tests pood madal trequency data were
obtained tor the rotor flap vegressing mede ar well,

2. Damping data ol good qual ity were obtatned tor the tead-lap
rogronsing mode, with the except ton ot some test votor specds where the
modal damping showed sonsltivity to excitation level o nonl tnearity
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in damping with amplitude., BRody mode damping data wore poor and re-
flected the nonlinear bohavior of the fglmbal ball beariugs,

3o Tn the cane of atmulated vacuum toat ing with roll freoedom
alone, the data show a woak inatability where the tead-lag and tlap
regressing modes are proximate,. This inatabtlity was predicted in
referonce 2 for rotors In a vacuum,

4, Mechanteal inatability of the classical pround resonance type
was obtained during stmulated vacuum test ing with plteh and rold
freedom,

5. Acromechanical tnstabilities were encountered during tests
with conventional airfofl blades both at low and normal thrust levels,
Thrust tonds to deatabilize the rotor-bady system as shown in reference
N

-

6. All data were correlated with the theoretical model of
reference 9 and in general good correlat{on was obtatned. The qualfty
of the correlation war better for simulated vacuum testing than with
acrodynamics included,  This implies that the accuracy of the data was
degraded with acradynamica tneluded, or that the theoret feal model tng of
blade aerodynamics {8 not as accurate as the modeling of the structural
and {uertta terms,

7. The use of tantalum bladea with a circular eross sect fon proved
to be an effective means of simulat lng rotor testing tn a vacuum.,  The
effective Lock number of these blades was reduced to 0.2%7 of the blades
with a conventional atrfoil,

&,  The transformation of {ndividual blade bending moment signals
to multi~-blade coordinates {o the fixed system provided a means of
directly observing the rotor progressing and regrossing modes.  This
capability contributed to the success of the expertment ,

9, The use of a anubbing mechanism to loek out body mot {ons when
cncountering coupled rotor=bady tnatabilities provided a sate means of
testtng well fnto the unstable regtmea.  The fncluston of automat ic
suubbing based on blade lead-tag bending moment was onsent ial to the
complet fon of the oxperiment.,

10, The ball bearings used in the gimbal frame to provide piteh and
roll freedom oxhibited nontinear damping of the Coulomb or dry friction
type.  Floxural pivots to replace these bearings, or a reduct ton in
beaving sfze or number of balls (s required to oliminate the int luence
of this nonltnear damping.,
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APPENDINX A

EXPERIMENTAL MODE], PROPERTIES

ROTOR PROPERTIES

Goometr{c and Miscel lancous Propert tos
The rotor Reometric propertios are

tabulated tn tahle 2 for both the
acradynamic blade and tantatlum stub bhlag

¢ contigurat ions,

1
TABLE 2, - ROTOR GEOMETRIC PROPERTIES é
CQumeny T acrodnants Made | Tamtaten pans T |
T o et U 4
Rotor radius, R, om 81,13 is.on
Rlade chord, ¢, em 4.19 .26 1
Soltdity, o 0. 0493 0.0 k
Hinge of faet, o/R 0.105 0,22 4
Soot cutout, x../R 0. 180 - ‘a
The hinge oftset {s defined by the contor ot the blade root tlexures.,  The
root cutout s the distance to the (nboard odpe of the blade atrtoil,  Mis-
cellancous descriptive properties of the rotor are presented in table 3

)

TABLE 3, - Rotow DESCRIPTIVE PROPERTIES

Quant fty Acradvnamtc blade Tantalum blade

Blade number, b } i p

Afrtofl soction NACA 2301 Cireular D

Lift curve slope, a AR 0.0 ‘ ]

1

Protile drag cootf{ciont 0.0079 1.0 !

\ 1

Lock number 7,04 INURR '
18
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The profile drag coefficient for the aerodynamic blade was estimated from c
. steady blade deflection data (ref., 10). The Lock number includes the effect L }
cf the profile drag coefficient as diacussed f{n the body of the report. The Co i

biade 1s untwisted. The height of the rotor plane above the gimbal axes is o
h = 24.1 cm, |

Mass Properties
The blade mass and inertia properties are given in table 4; ircluded are

H

o
; both the blade and the root flexure hardware outboard of the flap flexure | 1 k
centerline. R

TABLE 4. ~ BLADE MASS AND INERTIA PROPERTIES f

Quantity Aerodynamic blade Tantalum blade m;;
z‘ E 3
Mass, m., g 232, 699. Ll
Centroid of mass with 0.315 0.573
respect to centerline, x /R
Flapping and lead-lag 16.1 17.7
inertia, I, g-m2
Pitch inertia, I, g-m? 0.00224 0.00285
Rotor polar inertia, J,, g-m? 76.5 12.0

Blade mass was measured by weighing the blade and root flexure hardware. The
centroid, flapping and lead-lag inertias, and pitch inertia for the aerody-
namic blade were calculated from mass and dimensional data for the blade root
hardware, and by measurements reported for the blade alone in reference 14.
The blade flapping and lead-lag inertias were the same to within the accuracy
of the measurements. The centroid of the tantalum blade was measured by
balancing the blade on a knife edge, while the inertia was estimated from
pendulum tests. The stub blade pitch inertia was calculated from its
dimensional properties. The rotor polar inertia given in table 4 is for
three blades together. It was calculated including the hub and root hardware
inboard of the flapping axis (these constitute only 4% and 3% of the total
polar inertia for the aerodynamic and tantalum blades respectively), but
excluding the effects of the drive shaft, bellows couplings, and transmission
gear train. This assumption was checked by measuring both pitch and roll
body frequencies over a range of rotor speeds with the blade and root hard-
ware removed; no frequency change due to gyroscopic coupling could be
determined.
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Stiffneas Properties

The flap and chordwise stiffness of the blade root flexure and blade are
shown in table 5. The flapping root flexure length 18 1,212 cm, and the

TABLE 5. - FLAP AND CHORDWISE STIFFNESS (EI), N-cm?2

Quantity Flap Chord
Root flexure 8.35 x 102 1,55 x 103
Aerodynamic blade 6.54 x 10% 1.77 x 108
Tantalum blade 2,34 x 106 2.34 x 108

lead-lag root flexure is 0.699 cm in length. The tabulated aerodynamic blade
stiffness properties extend from B.S. 20.17 cm to the tip, while for the
tantalum blade the properties run from B.S. 13.77 to the tip.

Frequency and Damping
The frequency and damping of the rotor blades were measured under non-~

rotating conditions. The blade frequencies are presented in table 6. The
first torsion mode and higher flap and lead-lag modes were obtained from

TABLE 6. - NONROTATING BLADE FREQUENCIES, Hz

Blade Mode Flap Lead~-lag Torsion
Aerodynamic 1 3.10 6.58 342,
2 320 1500 -—
3 960 3570 hatad
Tantalum 1 3.01 6.39 -

shake tests of a single blade and root flexure. The mean value of the first
flap and lead-lag mode frequencies were measured with the blades installed on

the model, with the exception of the tantalum blade flap mode which could not ’

be obtained due to droop-stop restraint. This frequency was calculated as:

20
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(wgo) rant = (“go)aero (5 )
50’aero

The mean damping of the blades was (in percent critical damping):

(Ng) gopo ™ 0+362 %

- &
(nc)tant 0.18% %

BODY PROPERTIES

Mass and Inertial Properties

The mass of the body was measured by weighing the model without the
gimbal frame or hub components. Portions of the blade root flexure inboard
of the flapping flexure were weighed separately and included in the body
weight., The resulting estimate is: mp = 19,270 g.

The body inertias were estimated for one combination of pitch and roll
spring settings. The blades and root hardware were removed, and the body
mode natural frequencies determined. The spring rates were computed by
measuring the model deflection under an applied moment. The inertias were
then calculated assuming the body behaved as a single degree~of-freedom
system, and adding the contribution of the blade root hardware inboard of
the flapping hinge. The estimates of the inertias are: Ig = 511 g-m2; and

Iy = 187 g-n?.

The center of gravity of the body was not measured, but was assumed to
be coincident with the intersection of the pitch and roll axes.

Frequency and Damping

For each test configuration, body mode frequency and damping were
measured under nonrotating conditions. These frequencies, previously shown
in table 1, are not uncoupled body frequencies, but rather are coupled or
partially coupled frequencies. 1In the case of the tantalum stub blades,
flapping is restrained by the blade droop stops, but lead-lag motion is un-
restrained. For tne aerodynamic blades, both flap and lead-lag motion couple

with the body motion.

The damping of the body is strongly affected by the nonlinear damping
character of the pitch and roll ball bearings. The effects of bearing
damping were investigated by completely stripping the model of extraneous
cables, wires, or tubes that might restrain the body, and by observing the
decay of body oscillations after deflecting the model. The bearings were
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free of grease or oil for these tests, A local damping coefficlent was
defined based on the decay per half cycle as:

Llocal ™ 200 &n (8449/04)

in percent of critical damping, where @4 represents the magnitude of the
first peak, and 0447 18 the magnitude of the peak a half cycle later. The
measured values of the local damping coefficient for pitch and roll are shown
in figure 18. If the damping were linear the local damping coefficient would
be invariant with amplitude. The dependency of the damping on amplitude
suggests that the nonlinearity is due to Coulomb friction. If it is assumed
that the source of the Coulomb friction in the bearings is due to the balls
rubbing against the bearing cage then the damping term should be:

D= eranB

where rp 1s the radius to the bearing race where the damping force is
applied, ng is the number of balls in the bearing, and £ is the friction
force. The first two values are known parameters of the bearing configura-
tion; however, the friction force fg depends on cage restraining force and
the friction coefficient between the balls and cage and is unknown. As the
damping term is dependent on only the sign of velocity, the differential
equation describing a single~degree-of-freedom system is nonlipear. There
is, however, a closed form solution (ref. 15) which may easily be expressed
in terms of a local damping coefficient.
AanBfB

K

ei-
;local = 2008n ei

where K 1is the body stiffness. 1f a value for the friction force fB is
arbitrarily selected to fit the pitch bearing data, it can be seen in

figure 18 that the hypothesis offered here provides an excellent representa-
tiou of the measured bearing damping. However, the predicted damping for the
roll bearing is considerably in error. An examination of the roll bearing
design shows that the cage only restrains alternate balls, the ones in
between being free to rotate three or four diameters before encountering the
cage. If it is assumed that only the 23 restrained balls in the bearing
affect the damping then the agreement with the measurements is much improved.
To reduce the effect of this nonlinearity it is necessary to reduce the
bearing radius, the number of balls, or both. Clearly, having a lot of balls

is not advantageous in this case.

Estimates of a representative body damping were difficult to obtain from
the data because of the nonlinear bearing damping. Subjective estimates were
made for the tantalum stub blade configurations; these values are shown in
figure 19. It appears that the effective body damping increases as body
stiffness is reduced. This result is consistent with the expression for
Coulomb friction damping given above which shows that the local damping
coefficient increases as stiffness 1is reduced.
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APPENDIX B

INPUT DATA FOR CORRELATION MODEL

The lnput data used in the ctheoret ical model of refarence 9 are

described in table 7.

TABLE 7. - CORRELATION MODEL INPUT DATA

Most of the valuea in table 7 were caleculated directly

Tantalum blade

Parameter Aerodynamic blade
L, cm 72.01 28.88
I, g-m’ 15.63 16.60
Qg sec™} 104.7 104.7
El¢/ 10,28 .03592 .03481
EI./105%8 1594 .1567
GJ/19,%8 .6038 .5682
EAL/1R,° 395.2 371.9
2/L .01683 .04195
e/t 6.525 6.525
m,L2/1 7.688 3.509
I /1 .001434 .001718
Xy .2282 4382
Xe
8/9,°L .007241 .003094
pcL* (ateq ) /1 5.061 .006496
o .04933 .03179
cd, .0079 1.0
a 5.73 .0
myL2/1 639.1 96.8
I,/1 11.93 11.23
Ig/1 32.65 30.7%
h/L .3351 .8355
kpL2/10,° 1. 1.
1x/L (a) (a)
ty/L () ()
g, .0035 .00185
n¢x .03 .03
Npy .03 .03
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Figure 2.- 1.62-m diameter rotor model in hover test area.
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Figure 7.~ Rotor model excitation set-up.
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